Ecology and management of invasive Pinaceae around the world:  progress and challenges by Nunez, M.A. et al.
FOREST INVASIONS
Ecology and management of invasive Pinaceae around
the world: progress and challenges
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Abstract Many species in the family Pinaceae are
invaders. These species are relatively easy to control
because of some of their intrinsic characteristics and
because they are highly visible and easy to eliminate.
Many Pinaceae species have been well studied
because of their use in forestry and their invasive
behavior in many countries. The impacts of invasive
Pinaceae are not only ecological, but also economic
and social. We review the ecology and management of
Pinaceae invasions and explore how restoration of
invaded areas should be addressed. There are many
ways to prevent invasions and to deal with them.
Planting less invasive species, better site selection, and
invasion monitoring are used successfully in different
parts of the world to prevent invasion. Mechanical and
chemical methods are used effectively to control
Pinaceae invasions. Control is more effective at the
early stages of invasion. Old invasions are more
problematic as their elimination is more expensive,
and the restoration of native vegetation is challenging.
In some areas, native vegetation cannot thrive after
Pinaceae have been removed, and weeds colonize
cleared areas. More attention is needed to prevent the
initiation and spread of invasions by focusing control
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interventions at early stages of invasion. Finding new
ways of dealing sustainably with conflicts of interest
between foresters and conservationists is crucial. Non-
native Pinaceae are important parts of the economies
and landscapes in several countries and they will
continue to play such a role in the future. Despite the
numerous challenges facing Pinaceae invasion man-
agement, several approaches can be successful at
controlling them. Proper application of current tech-
niques and development of more efficient ones is
needed if the goal of maximizing benefits and
minimizing negative impacts is to be achieved.
Keywords Impacts  Herbicides  Management 
Pinus  Restoration  Southern Hemisphere  Tree
invasions
Introduction
Managing invasive species to reduce their impacts on
biodiversity and ecosystems services is a major
challenge. Considerable resources are allocated to
manage invasions in many parts of the world, often
with limited success. Some invasive species are
notably difficult to control, such as microbial species,
animals such as mice or pigs, or plants that produce
very large numbers of seeds, accumulate large long-
lived seed banks in the soil, can resprout vigorously, or
have early onset of reproduction (e.g. Richardson and
Kluge 2008; Wilson et al. 2011; Garcı́a et al. 2015;
Dickie et al. 2016). However, there are other invasive
organisms with biological characteristics (e.g. later
onset of reproduction, site specificity) that make them
easier to control, at least when they occur at low
densities over small areas.
Invasive Pinaceae species (members of the pine
family) that establish from self-sown seeds in areas
where they are unwanted are transformative species
that invade large areas outside their native range,
especially in the Southern Hemisphere (Richardson
and Higgins 1998). Such invasions change the
functioning of ecosystems, affect the provision of
certain services, and restrict options for land use
(Simberloff et al. 2010). This is particularly prob-
lematic when pines invade systems where trees were
previously rare or absent, such as natural shrublands
and grasslands (Rundel et al. 2014; Pauchard et al.
2016).
Pinaceae invasions have major ecological and
economic impacts. Impacts on water resources in
South Africa are probably the best-studied example
(e.g. Le Maitre et al. 2002). Pinaceae invasions also
have important social and cultural implications
(Greenaway et al. 2015) and have negative effects on
ecosystem services (Dickie et al. 2014a). For example,
an economic assessment in New Zealand quantified the
negative impacts of invasive conifers on farm produc-
tivity, tourism, rare species conservation and water
availability at over a billion NZ$ over the next 20 years
(Velarde et al. 2015). Invasive Pinaceae also transform
historic landscapes by having detrimental effects on
values related to landscape features of cultural impor-
tance, such as sacred mountain tops and historical
sheep-grazing country (Greenaway et al. 2015).
In contrast to many other invasive tree species,
invasive Pinaceae species are relatively easy to control
especially when they occur at low densities (less than
100 trees per hectare) and are of smaller size (e.g.
seedlings and saplings). None of the most widespread
invasive Pinaceae species resprout after felling, none
have long-lived seeds that accumulate in the soil, and
seedlings can easily be hand-pulled (Ledgard
2001, 2009b). It takes them years to start producing
viable seeds (more than seven years for most invasive
Pinaceae species, and more than 15 for others). Their
seeds are dispersed by wind, which is more pre-
dictable than some other forms of seed dispersal, such
as dispersal by birds (Buckley et al. 2006). Moreover,
because pines are important forestry species, key
aspects of their biology and ecology have been well
studied (e.g. Richardson 1998a; Richardson and
Higgins 1998).
In the last few decades, numerous studies have
investigated the invasion ecology of most of the
invasive Pinaceae species (Richardson and Higgins
1998; Richardson 2006; Essl et al. 2011; and refer-
ences therein) and in some countries economic
incentives and legal instruments are in place to
prevent and manage current and future invasions
(van Wilgen and Richardson 2012; MPI 2014). Pines
are well-known and conspicuous invasive species, and
conservation organizations are concerned about them.
Nonetheless, invasive pines remain a huge and
growing problem in areas with a long history of
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afforestation of non-native pine plantations, and are an
emerging problem in areas with a shorter history of
exposure to non-native pine plantation forestry
(Richardson et al. 2008). Pinaceae invasions occur
predominantly in the Southern Hemisphere. In the
Northern Hemisphere, the lower introduction effort of
non-native Pinaceae and other factors such as the
widespread presence of pathogens adapted to native
species in the family, have been proposed as causes for
the low levels or even absence of invasions (Sim-
berloff et al. 2010; Essl et al. 2011; McGregor et al.
2012; Rejmánek and Richardson 2013).
Pine invasions in the Southern Hemisphere are
difficult to manage, for a number of reasons. These
include the fact that the invaded areas have become
quite large, and are often in rugged and inaccessible
terrain; the difficulties of assigning responsibility for
their management when pines escape from plantations
and invade adjacent areas (McConnachie et al. 2015);
and the fact that the trees themselves have value in
certain contexts, but not in others, leading to conflict-
ing views on the goals of management (Dickie et al.
2014a; Woodford et al. 2016; Zengeya et al. 2017).
Nonetheless, advances are being made in different
parts of the world regarding all the issues mentioned
above. This paper provides a global overview of the
ecology of Pinaceae invasions, reviews the techniques
that have been used to control their spread, and
explores how restoration of invaded areas should be
addressed.
Pine ecology from a biological invasions
perspective
Because of their importance as commercial forestry
crops and their widespread use as ornamental plants
and amenity trees, many of the more than 200 species
of Pinaceae have been widely disseminated around the
world (Procheş et al. 2008, 2012; Essl et al. 2010;
Simberloff et al. 2010; Pauchard et al. 2015). Many
species of Pinus and other genera in the family
Pinaceae have been very widely planted outside their
natural ranges all around the world and a number of
species have escaped plantations and established in
new ranges (Ledgard 2001; Richardson and Rejmánek
2004; Richardson et al. 2008; Essl et al. 2010;
Rejmánek and Richardson 2013). Non-native pine
invasions are most widespread in the Southern Hemi-
sphere (Richardson and Higgins 1998). However, not
all important forestry Pinaceae species have suc-
ceeded in invading new ranges (Richardson and
Higgins 1998).
To invade a new area, species must overcome
abiotic and biotic barriers. Among the abiotic barriers,
climate is an important factor determining invasion
success in Pinaceae species (Nuñez and Medley 2011).
Even though appropriate climatic conditions per se are
required for Pinaceae to invade, in practice the
importance of this filter is reduced because foresters
have tended to use provenances of pine species that are
well adapted to the local climates in new environments
(Zenni et al. 2014; Pauchard et al. 2015). Consistently,
invasion patterns show a strong match between broad
climatic zones in native and invaded ranges—i.e.
tropical Pinaceae are invasive in tropical regions, sub-
tropical and temperate Pinaceae species invade in sub-
tropical and temperate zones (Pauchard et al. 2015).
Interestingly, in some cases climate in the introduced
range is more favorable for growth and reproduction
of a species, which can lead to higher rates of
establishment and higher invasion densities (Taylor
et al. 2016).
Many Pinaceae species have a fairly wide edaphic
tolerance and can grow well in nutrient-poor soils
(Richardson and Higgins 1998; Pauchard et al. 2015);
soil requirements are therefore generally not a key
mediator of Pinaceae invasions, but rather allow
Pinaceae invasions on eroded sites with reduced
vegetation competition (Ledgard 2004). In fire-prone
systems, fire events can trigger the invasion of those
Pinaceae species that are adapted to fire (Richardson
et al. 1990). In general, the environmental factors that
prevent or facilitate invasions are quite predictable but
other factors may be present that ultimately determine
Pinaceae invasion success or failure, such as biotic
interactions.
Biotic interactions can both hinder or promote
Pinaceae invasions. Among the biotic interactions that
may retard Pinaceae invasion, post-dispersal seed
predation by rodents and granivorous birds is impor-
tant in limiting the establishment of pine trees in
uninvaded areas (Caccia and Ballaré 1998; Nuñez
et al. 2008b). Seedling herbivory is another important
factor limiting Pinaceae invasions (Benecke 1967;
Richardson et al. 1994; Ledgard 2001; Becerra and
Bustamante 2008). Although low or high levels of
herbivore pressure potentially control the invasion
of pines, intermediate levels promote invasibility
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(Richardson and Bond 1991; Richardson et al. 1994).
There is evidence that the preference of herbivores for
native trees could also facilitate invasion by non-
native Pinaceae (Nuñez et al. 2008a; Relva et al.
2010). It has also been suggested that Pinaceae trees
have a lower pathogen load in non-native than in their
native ranges (Wingfield et al. 2001; Crous et al.
2016), but the importance of this factor in mediating
invasions has yet to be demonstrated (see Crous et al.
2016 for discussion). How competition (for light and
water mainly) affects Pinaceae invasion also remains
unclear (Simberloff et al. 2002). For instance, dense
forest communities are rarely colonized by invading
Pinaceae species (Richardson et al. 1994; Higgins and
Richardson 1998; Simberloff et al. 2002) but invasions
of non-native Pinaceae species do occur in some forest
communities (Ledgard 2002; Dehlin et al. 2008).
Where shade-intolerant Pinaceae species do not
establish, low light availability and competition with
other plants are potential limiting factors (Davis et al.
1996; Simberloff et al. 2002; Adamowski 2004).
When comparing the influence of biotic factors for one
invasive pine (Pinus contorta) between their native
and their introduced ranges, biotic resistance to
invasion is more important in the introduced range
where areas of high plant cover are consistently more
resistant to invasion than in the native range (Taylor
et al. 2016).
Belowground mutualists, particularly ectomycor-
rhizal fungi (EMF), play a key role in mediating
Pinaceae invasions (Richardson et al. 2000; Nuñez
et al. 2009; Pringle et al. 2009; Dickie et al. 2010).
EMF improve the acquisition of nutrients and water,
and provide protection from antagonists to the plant, in
exchange for sugars derived from photosynthesis
(Smith and Read 2008). For invasive species in
general, being facultatively mycorrhizal is considered
beneficial, as the flexibility of this mycorrhizal status
allows plants to use a broader set of ecological
strategies to assure spread (Menzel et al. 2017).
Pinaceae species are obligately ectomycorrhizal and
show low growth and survivorship in the absence of
this form of symbiosis (Mikola 1970; Nuñez et al.
2009). The absence of specific ectomycorrhizal sym-
bionts hinders Pinaceae invasion, and species tend to
co-invade with their EMF as shown in New Zealand
by Dickie et al. (2010). In the invaded range, fungi and
trees disperse independently but the successful estab-
lishment of new seedlings requires the presence of
fungal inoculum (Nuñez et al. 2009; Pringle et al.
2009).
Only a small portion of the ectomycorrhizal fungi
species present in the native range are found in the
invaded range (Dickie et al. 2010; Gundale et al.
2016). Although this pattern has been suggested to be a
result of incomplete co-introductions, there is evi-
dence that the mechanism could also be due to
additional geographic or local factors (Gundale et al.
2016). Hayward et al. (2015b) showed that only one
EMF (Suillus luteus) was necessary to facilitate
Pinaceae invasions, even in the absence of other
effective co-invasive EMF. Different traits among
EMF such as competition ability, dispersal and spore
production make some of them more invasive than
others (Dickie and Reich 2005; Ashkannejhad and
Horton 2006; Hayward et al. 2015a). Nuñez and
Dickie (2014) proposed the possibility of identifying
and inoculating EMF species that are both useful in
forestry and have a low invasion risk, as a way of
improving the environmental sustainability of planta-
tion forestry with non-native tree species such as
pines.
Biotic interactions cannot be considered separately
when seeking explanations for the success or failure of
Pinaceae invasions. Non-indigenous mammals, for
example, prefer browsing native tree species which
potentially compete with Pinaceae species (Nuñez
et al. 2008a; Relva et al. 2010) and also disperse
invasive EMF spores (Nuñez et al. 2013; Wood et al.
2015). This complex web of biotic interactions
involving three invasive organisms (invasive mam-
mals, invasive EMF and invasive plants) facilitates the
co-invasion of Pinaceae species and their associated
belowground mutualists (Nuñez et al. 2013; Wood
et al. 2015). The identification of multiple interactions
could be crucial in predicting invasions and mitigating
their impacts (Wood et al. 2015).
Prediction of Pinaceae invasions
Predicting Pinaceae invasions should be more straight-
forward than for many other groups of invasive
species. Pinus, the largest genus of Pinaceae, has been
proposed as a model taxon for advancing the field of
invasion science (Richardson 2006; Kueffer et al.
2013; Gundale et al. 2014).
Much information is available on the characteristics
of Pinaceae species that enhance invasiveness.
3102 M. A. Nuñez et al.
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Rejmánek and Richardson (1996) developed a dis-
criminant function (Z score) based on simple traits
(seed mass, juvenile period, and intervals between
large seed crops) that successfully separated invasive
from non-invasive Pinus species. This function has
been successfully applied to other conifer taxa
(Richardson and Rejmánek 2004). Highly invasive
Pinaceae species have a low seed mass and a large
wing-area, features related to a higher dispersal
capacity (Siggins 1933; Sharpe and Fields 1982) of
seeds by wind (Rejmánek et al. 2013). Further
research has revealed that small seed mass is associ-
ated with high relative growth rates of seedlings,
which in turn contributes to strong competitive ability
in seedlings and, therefore, the capacity to perpetuate
without human assistance (Grotkopp et al. 2002). The
other two key traits found by Rejmánek and Richard-
son (1996) also have important implications for their
success as invaders. Short juvenile periods mean that
seed production starts at an early age, and short
intervals between large seed crops in highly invasive
pine species means continuous seed production. Both
traits contribute to a high reproductive capacity that
favors population growth and increases invasion
potential (Rejmánek 1996). According to the Z score,
Pinus contorta, P. halepensis, P. pinaster and P.
radiata are among the most invasive Pinaceae species,
which is consistent with evidence from around the
world (Richardson et al. 1990, 1994; Ledgard 2001;
Simberloff et al. 2010; Richardson and Rejmánek
2011; Rejmánek and Richardson 2013; Taylor et al.
2016).
Human factors are key mediators of the invasion
success of Pinaceae taxa. Introductions of Pinaceae
species were historically focused on a group of species
with traits suitable for different forms of forestry—
features that are, however, also positively correlated
with invasiveness of a species (Richardson 1998b).
This bias in the pool of introduced species has,
therefore, influenced the outcome of Pinaceae intro-
ductions (McGregor et al. 2012). Propagule pressure is
also a key driver of invasion success among Pinaceae
species (Procheş et al. 2008; Essl et al. 2010; Hulme
2012; McGregor et al. 2012; Pauchard et al. 2016).
Species planted over large areas for several decades
have a higher probability of escaping from plantation
than species with more recent plantings.
Ecosystem characteristics also influence Pinaceae
invasions and must be considered when assessing the
risk of invasions from plantations. Naturally open
ecosystems, such as grasslands and shrublands, are
much more frequently invaded by Pinaceae species
than tree dominated vegetation (Richardson et al.
1994; Rundel et al. 2014; Taylor et al. 2016). This is
because most of the pine species introduced to other
regions are shade intolerant (Minore 1979; Lotan and
Perry 1983; Burns and Honkala 1990). Richardson and
Bond (1991) described a gradient of decreasing habitat
invasibility starting with natural and semi-natural
grasslands as the most prone to invasion, followed by
shrublands, open woodlands, with forests being the
most resistant. Even when forests are considered
resistant to Pinaceae invasions (Richardson et al.
1990; Ledgard 2001; Langdon et al. 2010), there are
species that invade these types of environments.
Pseudotsuga menziesii, which is shade-tolerant during
its first years (Minore 1979; Hermann and Lavender
1990), is a key example of a species that invades
forests (Ledgard 2002; Simberloff et al. 2002; Peña
et al. 2007; Dehlin et al. 2008).
Disturbance is another factor that strongly influ-
ences Pinaceae invasions. Independently of ecosystem
type, disturbances in general promote Pinaceae inva-
sions (Richardson and Bond 1991; Grotkopp et al.
2002) reducing the competition with other plant
species and releasing resources (Rejmánek 1989).
For instance, Richardson et al. (1994) showed that
disturbance events such as grazing, mechanical clear-
ing, fire or flooding could enhance the likelihood of
pine establishment, mainly because they reduce biotic
resistance to invasion (Richardson and Higgins 1998).
There is thus, a high probability of Pinaceae invasion
in open or disturbed habitats if a seed source exists.
Features of the disturbance regime, together with other
ecosystem properties and species traits, are important
for predicting the invasion dynamics of Pinaceae
species. The relative importance of each of these
factors varies between sites, since some ecosystems
are more prone to invasion without human-mediated
disturbance than others.
Prevention of pine invasions
There are several ways to prevent or reduce the
likelihood of Pinaceae invasions. One option is to
choose less invasive species. This is not always
practical because regional and international forestry
markets are firmly focused on a small number of tree
Ecology and management of invasive Pinaceae 3103
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species, the most desirable of which are all invasive.
Other proposed options are to improve the site
selection for plantations to reduce the risk of their
dispersal from the plantations (Ledgard and Langer
1999), to improve plantation management and silvi-
cultural practices (Greene et al. 2002; Bohrer et al.
2008), and to reduce seed dispersal and/or seedling
establishment beyond plantation boundaries. Forestry
companies worldwide are under pressure to manage
pine plantations more sustainably and to reduce
impacts caused by seed dispersal from plantations on
land outside areas allocated for forestry. Worldwide
certification schemes for the sustainable management
of forests and plantations (e.g. Forest Stewardship
Council) and the inclusion of prevention measures in
governmental initiatives in several countries are
examples for this trend. In New Zealand the Wilding
Conifer Management Strategy (MPI 2014) and the
National Environmental Standards for Forestry
include requirements to reduce the future risk of seed
pollution. In South Africa, the Regulations promul-
gated under the National Environmental Management:
Biodiversity Act allow for binding conditions to be
prescribed for the cultivation of invasive species with
commercial importance (van Wilgen and Richardson
2012). These conditions vary depending on the species
concerned, but they typically require permit-holders to
take steps to prevent spread, and can hold them
responsible for the costs of control if the species does
spread beyond the area for which a planting permit
was issued.
A problem that complicates the management of
pine invasions in some regions is that current
invasions are attributable to diverse historical activ-
ities. This often results in confusion regarding the
source of invasions (McConnachie et al. 2015), the
responsibility for managing invasions, and the mea-
sures required to halt or reduce the risk of future
invasions. Old plantations that contribute to current
invasions are the result of inappropriate past prac-
tices that represent a serious challenge for current
land managers. In New Zealand, for instance, a new
non-statutory strategy to manage invasive Pinaceae
in the future proposes to share responsibilities (MPI
2014).
Different approaches are used for managing inva-
sions. In the Western Cape of South Africa, where pine
invasions predate the establishment of organized com-
mercial forestry (van Wilgen et al. 2016a), advanced
statistical modeling has been applied to determine the
proportion of the current extent of invasive populations
attributable to forestry plantations (McConnachie et al.
2016). Such advances are helping to achieve a more
objective framing of the drivers of such invasions, and
therefore the responsibilities of different stakeholders
(Woodford et al. 2016).
The rich literature on Pinaceae introductions,
invasions and management of their invasions provides
a robust framework for assessing the risk of invasions
in areas where new forestry operations are planned or
where afforestation is fairly recent, and where inva-
sions may not have had time to manifest (Richardson
et al. 2008; Simberloff et al. 2010). Many Pinaceae
species have residence times of more than a century in
many countries, and it was the goal of foresters in
different areas to test numerous tree species from
different regions. All species with major potential for
use in forestry have already been widely tested and this
has provided numerous opportunities for the species to
‘‘sample’’ potentially invasible sites. Therefore, it is
very unlikely that species other than the currently
known invasive Pinaceae will become major invaders
in the future, although some surprises are possible.
The development of new hybrids, climate change, and
human-mediated changes to disturbance regimes may
well lead to naturalization and even invasions of
additional taxa. However, pre- and at-border screening
is not as important in the overall strategy for managing
Pinaceae invasions as it is with many other plant
groups, because the global ‘‘introduction/invasion
experiment’’ has already played out to a very large
extent and the determinants of invasiveness are well
understood at the species level. However, new geno-
types of Pinaceae are being introduced, and developed
using biotechnology, and screening at the level of
genotypes may be warranted.
Controlling Pinaceae invasions: learning
from experience
Some countries have had a longer history of Pinaceae
control than others, having deployed substantial
resources to manage invasive Pinaceae. New Zealand
and South Africa are the two countries with the most
experience in addressing Pinaceae invasions. Both
countries have national legislation and strategies in
place to reduce the current extent of invasions and to
prevent future invasions (Simberloff et al. 2010; van
3104 M. A. Nuñez et al.
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Wilgen and Richardson 2012; MPI 2014). Due to the
Pinaceae species involved, features of the invaded
ecosystems, and markedly different socio-political
contexts, very different management approaches have
been used in the two countries (Fig. 1).
Managing Pinaceae invasions in New Zealand In
New Zealand, pines were introduced and planted over
very large areas in the mid-twentieth century (Ledgard
2001) and now cover 6% of the country’s land area
(Anon 2014b). Highly invasive pines such as P.
contorta and P. nigra quickly became invasive in
semi-natural grassland and open shrublands (Ledgard
2001; McGregor et al. 2012). By the end of the
twentieth century, pine invasions had become a major
economic and environmental nuisance over large parts
of New Zealand (Ledgard 2004). The control of
invasive pines with various means has been the subject
of research over the last few decades in New Zealand,
and protocols and manuals for management are
available (Ledgard 2009a, b). The practical approach
to control pines depends mostly on the size of the tree,
the density of trees, and the terrain of the invaded area;
these variables together influence the cost efficiency
and practical feasibility of invasive pine control
(Ledgard 2009b). Initial assessments of the nature
and structure of the invasion are therefore important.
Also, to be more efficient in achieving good control,
improved monitoring and survey systems are needed
(Maxwell et al. 2009; Wilson et al. 2014).
Mechanical control was the standard for many
years and mechanical means (pulling or cutting) are
still commonly used, particularly in easily accessible
areas with low densities of small and medium-sized
trees (100 trees per hectare or less; tree size up to
20 cm in stem diameter and less than 5 m tall). For all
Fig. 1 Different control methods of invasive Pinaceae: a man-
ual control of pines in South Africa (Photo J. van Rensburg);
b control by fire in South Africa (Photo J. van Rensburg);
c mechanical control in Chile (Photo LIB University of
Concepcion); and d chemical control in New Zealand (Photo
P. Raal)
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mechanical methods, probably the critical factor is the
ability to access the target tree. Mechanical control of
pine trees requires a high level of diligence to be
successful. All invasive pines need to be cleared from
a site and all green foliage (when trees are felled or
cut) must be removed, or trees need to be completely
removed from the soil (when hand pulled) to avoid re-
growth, particularly with species such as P. contorta
or P. mugo (Ledgard 2009b). This can be challenging
if the tree has multiple leaders or has a twisted form. In
such situations, standard procedures prescribe a
stump-treatment with herbicides because resprouts
are harder to cut on the second attempt (Ledgard
2009b). Top surface mulching is also often unsuc-
cessful. Paul and Ledgard (2009) found a reduction of
only *20% in the number of invasive pines on a
recently mulched control site.
Burning of invasive Pinaceae is often promoted as
the cheapest removal technique (Ledgard 2001), but
has only been used sporadically to manage pine
invasions in New Zealand. Due to the complex effects
of terrain, variability of fuel load in an invaded area,
and weather, the control success or the complete
removal of live pines is often low. Unsuccessful burns
can cause a new pine cohort to establish (Hunter and
Douglas 1984). Also, regulatory restrictions make the
use of controlled burns increasingly difficult, and costs
for establishing firebreaks, safety measures and poten-
tial risks to adjacent properties increase the total cost
and effort involved in using fire as a tool to control
invasive Pinaceae.
New Zealand has conducted substantial research on
chemical methods for controlling invasive Pinaceae
(Gous et al. 2014). Recent advances in the develop-
ment of herbicide mixtures have made it feasible to
eliminate invading Pinaceae, and chemical control is
now seen as the most cost-effective method for late-
stage invasions over large areas (e.g. close stands with
canopy closure of 1 ha or more in size). Chemical
control is also increasingly used as a cost-efficient
option for killing outlier trees or tree clusters at early
stages of Pinaceae invasion (Briden et al. 2014; Gous
et al. 2015). Overall, herbicide application is cost-
effective, with approx. NZ$2000 per ha, compared to
mechanical removal, which can cost up to NZ$10,000
per ha for stands of tall pines with a closed canopy and
high stem density ([1000 stems per hectare), since the
highly-trained workers required to do the job are
expensive. The high success of herbicide control on
invasive Pinaceae is related to the mixture of active
ingredients and the application method. Boom spray-
ing using helicopters and spot treatments with a newly
developed spray-wand, allow the targeted application
of herbicide (Gous et al. 2015). Success rates in boom-
spray applications with now widely-used chemical
mixtures are very high (Gous et al. 2014); minimizing
the effort of revisits and additional control. There are,
however, concerns about high rates of herbicides
applied to control dense invasive pines invasions
(particularly P. contorta), and some land-owners still
use mechanical methods such as chain-sawing to clear
areas even though this method is much more
expensive.
Biological control has not been used in New
Zealand to control Pinaceae. It has been suggested
that Pissodes validirostris, a European pine cone
weevil, could be effective for controlling some
problematic species, as it affects seed production but
not tree growth (larvae develop exclusively in pine
cones). The main barrier to the use of biocontrol for
Pinaceae are the potential non-target effects. It is
feared that the introduction of P. validirostris could
aid the dispersal of pitch canker, since weevils make
wounds on the tree that could favor the spread of the
disease (Lennox et al. 2009). However, a recent review
from New Zealand found that it is unlikely that P.
validirostris will aid the spread of pitch canker since
there are no insect species in the country that could act
as a vector of the canker. It might therefore be safe to
use this biocontrol agent as it is unlikely to cause
problems for forestry (Brockerhoff et al. 2016).
Recently, it has also been realized that local or
regional efforts might not be enough to gain control of
pine invasions. While local-scale invasions have been
successfully removed, e.g. in parts of the North Island
of New Zealand (parts of the Central Plateau) and in
parts of the high country in the South Island (Ledgard
2011), nationwide control of pine invasions has not
been achieved. Therefore, New Zealand is now
adopting a collaborative approach for managing
invasive conifers at a national scale through the
National Strategy for Wilding Conifer Management
(MPI 2014). This strategy was developed with input
from all affected parties, including farmers, foresters,
and land authorities.
Managing Pinaceae invasions in South Africa In
South Africa, management of invasive Pinaceae is
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largely based on mechanical control and the use of fire
(Fig. 1). Pinaceae species that invade fynbos
ecosystems in the Eastern and Western Cape
provinces are killed by fires, but spread over
considerable distances via wind-dispersed seeds that
germinate in the post-fire environment. Control is
achieved by felling trees and burning the vegetation
1–2 years later to kill new seedlings before they
produce seeds again (van Wilgen et al. 1992). The
Working for Water program (WfW) in South Africa
provides an example of how a country with limited
resources has attempted to address the control of
invasive species. WfW was launched to address social
and environmental problems in an integrated manner.
Despite its potential, WfW faces many challenges.
These include a reluctance to allow untrained labor to
use power tools, or to conduct prescribed burning
because of safety concerns. It is also difficult to reach
invasive populations in remote and rugged terrain
(Roura-Pascual et al. 2009; van Wilgen et al. 2012;
van Wilgen and Wannenburgh 2016) which means
that overall progress with mechanical clearing of pines
has been limited. This has led to proposals for a radical
overhaul of the strategy for dealing with the growing
extent of pine invasions in fynbos ecosystems to
refocus the program back on invasion control as the
primary goal, rather than the current main goal of job
creation (van Wilgen et al. 2016b). At current levels of
funding, it is unlikely that pine invasions can be
controlled everywhere. Success has been achieved in
clearing some landscapes of invasive pines at least in
the short term, although preventing re-invasion from
neighboring invaded sites or plantations is a major
concern (van Rensburg et al. 2017).
Research has been done to determine the feasibility
of applying biological control to reduce seed produc-
tion of invasive pines in South Africa using the seed-
attacking insect P. validirostris, the same species
suggested for New Zealand, and it was found to be
potentially suitable (Moran et al. 2000). However, the
forestry industry has opposed the release of the agent
due to concerns that the weevil may act as a vector for
the dispersal of pitch canker which affects commer-
cially-important pine species (Lennox et al. 2009).
Nevertheless, given the escalating negative conse-
quences of pine tree invasions, the question of whether
research on this biological control option should
resume remains open for debate (Hoffmann et al.
2011).
Despite the strong legislative framework that exists
for invasive species management in general in South
Africa, invasive Pinaceae pose particularly daunting
challenges given the many species and ecosystems
involved and the conflicts of interest that exist (van
Wilgen and Richardson 2012). A national strategy for
dealing with invasive Pinaceae, along the lines of
those proposed for invasive Acacia (van Wilgen et al.
2011) and Prosopis species (Shackleton et al. 2017) is
urgently needed.
Lessons learned from South Africa and New
Zealand show that, with significant effort, effective
control of invasive Pinaceae can be achieved. They
Box 1 .
WHO PAYS? COST/BENEFIT ANALYSES OF WHEN AND HOW TO INTERVENE
Costs and benefits of controlling Pinaceae invasions can vary substantially depending on when, how, and where the control is
applied. The figure conceptualizes the costs of different control measurements at different stages of the introduction-naturalization-
invasion continuum. For example, banning the use of certain Pinaceae species will result in lost opportunities for the forestry
industry. If no ban is applied, no immediate negative effect of the invasion is seen and no immediate cost is incurred (but impacts
of the invasion can take decades to manifest). The benefit of a ban would be realized years or decades after implementation of the
action: economic and ecological benefits could be substantial while the cost would be relatively low (the loss of an uncertain
opportunity). At the other extreme, if the invasion is widespread at the regional level, eradication is impossible but reducing the
extent of the invasion and severity of impacts is possible. The cost of control would be in the hands of the forestry industry,
private land owners see their land invaded, and typically the local government that need to allocate funds to manage the invasion
in its own areas where impacts on local citizens are evident or possible (such as keeping the road shoulders free from pine
trees) or are seen as important for other environmental benefits to society or the economy (e.g. natural heritage or water
supply). If appropriate management measurements are not taken, many actors are affected—from the public whose activities are
disrupted by the invasion (e.g. change in the perceived value of landscapes, reduced access to certain sites) to the forestry industry
which faces non-certification, leading to loss in market share as an economic result, and other land users that cannot use the
invaded areas for their preferred activities. Our hypothetical analysis shows that as the number of actors affected by the
Pinaceae invasion increases, the cost and complexity of controlling such invasions increases (Fig. 2)
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also show that different approaches, if systematically
implemented, can be effective. It has been suggested
that different countries or regions may need different
solutions (Nuñez and Pauchard 2010; Pauchard et al.
2010). Although there is no evidence from anywhere
of success of controlling Pinaceae invasions over large
geographical areas (e.g. at country or even regional
level), the tools required to control invasions exist and
have been implemented successfully over smaller
spatial scales (e.g. landscape level). The fundamental
challenge is to up-scale such efforts over much larger
areas. Experience shows that such scaling up is
extremely complex (Box 1).
Case studies of management of invasive Pinaceae
Argentina Pinaceae invasions currently occur in
different parts of the country, from deserts or
grasslands to forests and rainforests (Simberloff
et al. 2002; Sarasola et al. 2006; Zalba et al. 2008;
Fig. 2 Cost bearers and parts affected by the decision to control
or not control invasive pines (see Box 1). The solid curve
represents the pattern of spread of a non-native invasive
Pinaceae. Dashed lines show the hypothetical cost of mitigation
at different stages of the introduction–naturalization–invasion
continuum. Vertical arrows delineate two steps of the process
before the spreading phase. Examples of management actions
and costs are given. Both spread and costs curves are
hypothetical and assume a limited area to be occupied by the
invasion, many other curves could also be possible. Modified
from Lovett et al. (2016)
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Giorgis and Tecco 2014). There are invasions in all
areas where Pinaceae species are planted for forestry,
and there are very limited efforts to control invasion,
mostly using mechanical methods. Most control
efforts are applied by the National Parks
Administration and some private land owners. A
recent notable step towards the prevention of Pinaceae
invasions has been a ban on subsidies for plantations
of P. contorta, a highly invasive species, which was
previously heavily subsidized by the national
government. A handbook of good plantation
practices was recently published and should have a
strong influence on agencies that grant subsidies and
on foresters. This handbook includes a chapter on the
problems of invasions and how to prevent and manage
tree invasions (Chauchard et al. 2015). Future
challenges include the control of existing invasions,
which is currently receiving almost no attention in
most parts of the country, and the acceptance by
foresters of practices that reduce the spread of
Pinaceae species. Although invasion is localized,
trends suggest that widespread region-scale
invasions will exist in some areas, such as Patagonia,
in the next few decades.
Chile Pinaceae plantations cover large areas in
southern and central Chile, where they occur in
mediterranean-climate, temperate, alpine, and
Patagonian ecosystems. At a national scale, Pinaceae
invasions currently cover relatively small areas in
contrast with the high propagule pressure created by
the very large plantation area, especially in central
Chile. The total area invaded by Pinaceae is unknown
because no national assessment has been conducted.
However, Pinaceae invasions occur in ecosystems that
are critical for biodiversity conservation, including
protected areas (Peña and Pauchard 2001; Gómez
et al. 2011; Urrutia et al. 2013). Despite this, neither
the government nor the forestry industry has initiated
meaningful efforts to control Pinaceae invasions.
Control operations currently carried out by forestry
companies is limited to extracting Pinaceae species,
both planted and invading trees, from riparian areas
under protection. Such efforts were initiated due to
forest certification agreements that stipulate that forest
companies must maintain areas of high conservation
value free of invasive species, and restore native
vegetation. In protected areas, the Laboratory of
Biological Invasions (LIB), in collaboration with
CONAF (National Forest Service of Chile), is
exploring techniques for removing Pinaceae,
especially Pinus contorta, to minimize damage to
the native flora. Assessments are also being done of the
impacts and the legacies of such invasions, and of
options for promoting the restoration of invaded areas.
A major problem for the management of Pinaceae
invasions in Chile is that many stakeholders do not
distinguish between plantations and invasions. For
example, some environmental groups want all
Pinaceae stands, whether in plantations or invasive
populations in natural vegetation, to be removed from
the landscape. This means that any attempt to control
invasive Pinaceae is seen by the forestry industry as
part of a broader offensive on forest plantations and
not as a necessary environmental requirement for their
plantings. Thus, for effective control, it is important
for stakeholders (forestry companies, government
agencies and the public) to separate the impacts of
invasions from those generated by plantations. Control
efforts should be prioritized to remove Pinaceae
invasions from all protected areas and other areas of
high conservation value; this is already a requirement
for forestry companies under forest certification
schemes such as the Forest Stewardship Council
(FSC). In addition, those species posing the highest
invasion risk (e.g. P. contorta) should be banned from
use in plantations, while others should be restricted
under specific protocols (e.g. P. menziesii). Forestry
companies should integrate the cost of controlling
invasive Pinaceae into their operations to reduce
negative externalities. Experience from other
countries, such as Argentina, New Zealand, and
South Africa, may help to implement more rational
policies for both Pinaceae plantations and invasions
(Richardson et al. 2008). For stakeholders, it is
important to have more reliable estimates of the
ecological, social, and economic impacts of Pinaceae
invasions to allow for the objective prioritization of
prevention and control efforts. Research is also needed
on methods for restoring ecosystems affected by
Pinaceae invasions.
New Zealand Pinaceae plantations are a conspicuous
feature of New Zealand landscapes. Pinus radiata
plantation forests cover nearly 1.6 M ha and are an
integral part of the production landscape. While spread
from these plantations is currently minimal except in
coastal areas, the rapid and significant spread of other
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pine species such as P. contorta and P. nigra has
occurred since the mid-twentieth century and is
especially widespread in the high country of North
and South Islands. P. contorta is currently the most
widespread invasive pine species outside of
plantations and is the most difficult species to
control. It was previously used in large-scale
plantings for erosion control, was widely tested for
commercial forestry in the high country, and was
planted for shelterbelts and woodlots on farms where
other tree species showed poor growth. Such ‘‘legacy’’
plantings currently pose the biggest problems for
control as they are often in difficult terrain, and
responsibilities for their management have been
unclear. However, control operations are currently
supported by effective tools such as aerial herbicide
application which has enabled managers to effectively
reduce propagule pressure and to reduce the extent of
the invaded area. Pinus contorta is now an unwanted
organism under the Biosecurity Act 1993, which
means it cannot be bred, propagated, distributed or
sold. Other invasive pine species are P. nigra var.
laricio, P. mugo, P. ponderosa, and P. pinaster.
Several other pine species also cause local-scale
problems and threaten conservation and economic
values. Local and regional management plans have
been developed and implemented since the early
1990s, often to deal with legacy plantings and their
spread, but with insufficient budgets. The
development and implementation of a National
Strategy to manage invasive pines on a national
scale has just started (Anon 2014a). The collaborative
and cost sharing approach taken under this strategy
aims to assign current and future responsibilities in
wilding management and provide governmental
support to reduce the current area of pine invasions
and stop future spread. The area currently invaded is
estimated to be approximately 1.7–1.8 M ha, which
includes areas of very low invasive pines density (less
than one tree per hectare). Challenges for pine
invasion management, besides the social acceptance
of large-scale control of trees, include:
1. the costly removal of old plantings which act as
major seed sources;
2. the increase in management effort in susceptible
vegetation types such as semi-natural grasslands
because of large-scale abandonment of previously
grazed high country farmland; and
3. the increasing evidence of spread of Douglas-fir
(P. menziesii; the second most widely planted tree
species in New Zealand) from high-country
plantations.
South Africa There are very widespread invasions in
natural areas adjoining plantations, mainly in the
fynbos and grassland biomes of South Africa, where
they threaten biodiversity and water resources. Dense
stands of self-sown pines cover hundreds of thousands
of hectares of protected watersheds in the fynbos
biome. Mechanical control, combined with the use of
fire, has been used to manage Pinaceae invasions over
large areas since the 1970s. There has been good
progress in some areas, but recent analyses show that
despite a huge investment of resources, the scale of the
problem is growing, not shrinking (van Wilgen et al.
2016a). South Africa has legislation that guides
invasive species management, but this is difficult to
enforce due the scale of the problem and because of
unresolved conflicts of interest and a lack of
ownership of the problem of invasions in many
areas. Despite decades of engagement with the
forestry industry in South Africa, conflicts of interest
still impede the implementation of effective control
(van Wilgen and Richardson 2012). The fact that pines
are simultaneously useful and invasive complicates
the task of finding sustainable and equitable solutions
that would be widely acceptable to all parties. For
example, certification of Pinaceae plantations by the
Forest Stewardship Council (FSC) requires adherence
to sound environmental management practices that
follow clear principles, taking account of national laws
in the country concerned. Principle 10 of the FSC’s
criteria for responsible forest management specifies
that an applicant for certification ‘‘shall only use non-
native species when knowledge and/or experience
have shown that any invasive impacts can be
controlled and effective mitigation measures are in
place’’. Despite this clear requirement, certification
has been granted to South African plantations on the
basis that national legislation deals with the
responsibility of certified foresters to control spread,
even though this legal obligation is clearly not met.
Future challenges include the urgent need to improve
the efficiency of control measures over large areas,
and finding common ground with the forestry industry
to agree on protocols to deal with current Pinaceae
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123
invasions and prevent new invasions. New approaches
for assisting private landowners to tackle pine
invasions are urgently needed (van Rensburg et al.
2017).
United States The broad diversity and area extent of
native Pinaceae species in the United States has
discouraged the introduction of non-native species.
Those species that were introduced were planted over
small areas and there are few records of invasions.
Examples of introduced species among other European
conifers are Pinus halepensis, P. mugo, P. nigra, P.
pinaster, P. sylvestris and P. thunbergii. Most non-
native Pinaceae that were planted have not survived, and
those that did are not spreading widely. The presence of
many natural enemies (dwarf mistletoes, nematodes,
fungi, etc.) and the small size of founder populations
probably explain the fate of these introductions
(Mortenson and Mack 2006). Interestingly, range
expansions and encroachment of native Pinaceae
species are well-known phenomena in many parts of
the USA, especially after disturbances such as fire or
grazing (Richardson and Bond 1991; Simberloff et al.
2012). Such range expansions of native Pinaceae
species have resulted in the conversion of grasslands
to woodlands or forests, where graminoids and herbs
have been replaced by shade-tolerant herbs. The impact
of these invasions by native Pinaceae is such that
substantial management efforts have been undertaken
with the aim of restoring native ecosystems. Tree
removal has resulted in a rapid change in species
abundance and composition towards the original
communities (Halpern et al. 2012). On the other hand,
applying fire showed no evidence of restoration effect as
a management strategy, even though fire is considered
critical for maintaining grasslands (Halpern et al. 2012;
Kremer et al. 2014). Burning following tree removal
depressed native species richness and different native
life forms were favored after such treatment, especially
those adapted to disturbance (Halpern et al. 2014). Such
management experiences suggest that encroachment of
native Pinaceae species has not reach the point where
recovery of native ecosystems is complex and costly. In
most cases, tree removal alone can promote ecosystem
recovery, the main concern being seed rain and re-
invasion (Halpern et al. 2012, 2014; Kremer et al. 2014).
Europe Since many European countries have the
same pattern regarding Pinaceae invasions, their
situation has been described together. Many non-
native Pinaceae species have been introduced to
Europe and many have become naturalized.
Pseudotsuga menziesii is the species that has become
naturalized in most countries, and the United Kingdom
is the country with the most naturalized Pinaceae
species (Richardson and Rejmánek 2004). Other
species introduced to Europe are Pinus banksiana, P.
ponderosa, P. radiata, P. rigida, P. strobus and P.
wallichiana (Carrillo-Gavilán and Vilà 2010; Essl
et al. 2011). There are occasional records of invasions
of non-native Pinaceae species (Engelmark et al.
2001), but this is not a major concern as evidenced by
the low number of scientific articles on the subject
(Carrillo-Gavilán and Vilà 2010). The limited
expansion of non-native Pinaceae species in Europe
is probably due to the low introduction effort (and
therefore propagule pressure) and phylogenetic
closeness between non-native and native species.
The only introduced species that have been planted
at large scales are P. menziesii and Pinus strobus
(Krumm and Vı́tková 2016), but even for these species
records of invasions are not abundant (Essl et al.
2011). There is no evidence of large-scale
management efforts in Europe, which suggests that
rather minor importance is attached to non-native
Pinaceae invasions. However, close monitoring
should be carried out to identify invasive populations
and control them at an early stage (Carrillo-Gavilán
and Vilà 2010).
Restoring invaded areas: What happens
after Pinaceae are removed?
The aim of controlling invasive species is usually to
achieve effective removal, recover the structure and
composition of the preexisting communities and to
prevent re-invasion in treated areas (Paul and Ledgard
2009; MPI 2014). However, after Pinaceae stands are
removed, restoration to preexisting states can be a
challenge (Dickie et al. 2014b; Wardle and Peltzer
2017). An understanding of the impacts and conse-
quences of the applied control method (Paul and
Ledgard 2009) and also alternative management
techniques, will contribute towards improving eco-
logical restoration (Holmes et al. 2000). In certain si-
tuations, the removal of the invasive Pinaceae species
might be sufficient for restoring the structure and
composition of native communities (e.g. seeds of
Ecology and management of invasive Pinaceae 3111
123
suitable native species readily available), but in others
re-invasion of pines or other alien plants causes
problems (Dickie et al. 2014b). In other cases, the
control of invasive species must be combined with
ecological restoration efforts such as seed and plant
enrichment or stimulation of native species seed bank
(Warren et al. 2002; McAlpine et al. 2016). If such
restoration efforts are not carried out, invasive
Pinaceae species removal could lead to the establish-
ment of other non-native species (i.e. secondary
invasions) (Dickie et al. 2014b; Kuebbing and Nuñez
2015; Pearson et al. 2016; Mostert et al. 2017). A
major task for managers is to identify the situation in
particular ecosystems and to adjust plans accordingly
(Gaertner et al. 2012).
How different control techniques affect succession
and restoration
Although the success of invasive species control often
relies on the effectiveness of removal of the target
species and the prevention of its re-invasion, the
impact of the management technique also needs to be
considered with reference to restoration goals (Paul
and Ledgard 2009). Different control techniques differ
in their ecological consequences (e.g. effect on
diversity of different guilds or probabilities of restora-
tion), and even the same technique can have different
effects on vegetation succession, depending on site
conditions and level of invasion (e.g. Dickie et al.
2014b).
Clearcutting is a commonly used technique for
controlling invasive Pinaceae. Once a tree has been
felled, it can be removed or left on site as ‘‘slash’’ (i.e.
felling to waste) (Paul and Ledgard 2008). Felling and
removal result in the disturbance of topsoil and the
understory, while felling to waste results in slash
remaining on site that protects the undisturbed topsoil
but often shades out any existing understory vegeta-
tion. In contrast, the removal of Pinaceae trees causes a
sudden change in the insolation and water dynamics of
the soil (Cuevas and Zalba 2010) that could lead to
stressful environments for native tree seedlings (Hour-
dequin 1999). Both tree removal and felling to waste
may change vegetation succession relative to natural
areas, as native or non-native pioneer species are often
promoted by the increased resource availability (light
and nutrients) (Brockerhoff et al. 2003; Cuevas and
Zalba 2010; Dickie et al. 2014b). However, there may
also be positive changes associated with felled trees
left on site. For instance, the slash benefits shade-
tolerant species and provides perch sites for birds that
disperse native species (Paul and Ledgard 2009).
Herbicide application or ringing techniques leave the
Pinaceae tree standing dead which leads to gradual
changes in canopy cover as trees lose their needles and
branches. Along with changes in the light environ-
ment, belowground competition may be reduced
(McAlpine et al. 2016) and dead standing trees may
act as ‘nurses’, facilitating native species establish-
ment (Paul and Ledgard 2009; McAlpine et al. 2016).
Evidence from New Zealand suggests that herbicide
application is the best technique for promoting native
vegetation succession (McAlpine et al. 2016).
Burning as a management tool in South Africa has
generated different outcomes depending on the den-
sity of pines, whether they are felled before burning or
not, and whether the resultant fuel is removed prior to
burning or not. The ‘fell and burn’ treatment was
found to have the greatest negative effect on vegeta-
tion recovery (Holmes et al. 2000), as it often results in
exceptionally intense fires (van Wilgen et al. 1992).
Because of practical problems associated with the
‘burn standing’ and ‘fell, remove and burn’ treat-
ments, managers often have little choice but to apply
the ‘fell and burn’ treatment. There are dangers in this
approach which highlights the need for intervention
before areas become densely invaded. Where weed
species are more abundant, techniques that generate
minimal disturbance instead of burning should be
implemented (i.e. manual removal or stem injection)
(Kasel and Meers 2004). Regardless of the capacity of
the seed bank to germinate after fire, if Pinaceae
invasions increase fuel loads, increased fire intensity
could cause poor regeneration from native seed banks
and favor non-native species recruitment (van Wilgen
2012; Taylor et al. 2017).
Legacy effects
Some impacts of Pinaceae invasion persist after
removal of invasive stands (i.e. legacy effects),
regardless of removal technique (Cuddington 2011),
and these may alter vegetation succession (Wardle and
Peltzer 2017). For instance, Dickie et al. (2014b)
found that the removal of stands of mature pine trees
may not lead to the restoration of semi-natural tussock
grasslands and shrubland vegetation that existed prior
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to Pinus invasion. Tree invasion increased nutrient
cycling rates with the concomitant increase in nutrient
availability (N and P) and favored ectomycorrhizal
invasion (Dickie et al. 2011, 2014b). These changes
persisted in soils after tree removal and not only
hindered native regeneration, but also facilitated
invasion of other pine trees, although the effect of
their removal depended on invasion duration (Dickie
et al. 2014b). Also, in early stages of pine invasions,
the felling of individual trees resulted in higher native
grass coverage on the site of the decaying tree in the
medium term (\10 years) (Paul and Ledgard 2008).
In Chile, preliminary results suggest that litter is
one of the main physical legacies of pine invasions (A.
Pauchard, unpublished results). Because of its chem-
ical composition, pine litter takes longer to degrade
than native tree litter (Araujo and Austin 2015).
However, by opening the canopy, there may be an
increase in litter decomposition rates due to higher
radiation and higher temperatures. The legacy effect
will not only be driven by the species but also by the
biotic and abiotic characteristics of the invaded
ecosystem, and the invasion stage of the controlled
Pinaceae stand. Older invasive Pinaceae stands have
lost most of their native plant and animal diversity, and
therefore it may take much longer to achieve restora-
tion goals.
In South African fynbos, the legacy effects in areas
cleared of invasive or planted pines are generally much
less pronounced than those observed in cleared stands
of Australian Acacia species (Mostert et al. 2017).
Ways to maximize restoration efforts
Efforts to control invasive Pinaceae do not always lead
to the restoration of native vegetation, particularly if
the restoration goal was to achieve non-woody
indigenous low-stature vegetation. Furthermore, there
may have to be a trade-off between the most cost-
effective technique of removing the invasive trees, and
the best options for ensuring recovery of native
vegetation (e.g. Holmes et al. 2000). However, the
‘no action’ alternative (i.e. no invasive control)
increases invader seed supply and potential spread to
novel sites (Kettenring and Adams 2011).
Although there is no fixed set of procedures for
ecological restoration (Moore et al. 1999), several key
factors need to be considered before and during
invasion control. Restoration effectiveness depends
mainly on the capacity of native species to recolonize
the site, which in turn depends on recruitment from the
soil seed bank, growth of persistent species that have
survived under pine canopy and/or have established
from seed from the surrounding vegetation, and
appropriate soil conditions (Holmes and Richardson
1999; Cuevas and Zalba 2010; Wardle and Peltzer
2017). The composition and abundance of the vege-
tation in the plantation/invasion understory could be a
useful predictor of the likelihood of the early restora-
tion after clearcutting (Yamagawa et al. 2010). As
some native understory species persist under planta-
tions of Pinaceae species (Richardson and van Wilgen
1986; Brockerhoff et al. 2003) and in invaded sites
(Howell and McAlpine 2016), recovery of native
vegetation can be enhanced by certain management
actions (Paul and Ledgard 2009; McAlpine et al.
2016). For instance, understories dominated by shade-
tolerant species can be enhanced by gradual changes in
light environment by partial cuttings or thinning, and
avoiding clearcuts (Brockerhoff et al. 2003; Yama-
gawa et al. 2010) or by poisoning standing trees
(Ledgard 2009a). Furthermore, as some invasive
conifer trees may facilitate native species establish-
ment, restoration process should first assess the
potential use of non-native plants for restoration
actions before eradication of the pines (Becerra and
Montenegro 2013). Also, although interventions to
reduce soil legacy effects by reconstructing previous
assemblages of soil biota (e.g. mycorrhizal fungi) have
rarely been attempted, such actions may be crucial for
achieving success, especially in heavily modified
environments (Wardle and Peltzer 2017).
The seed bank and seed rain are important sources
for the regeneration of natural vegetation in invaded
sites (Holmes and Richardson 1999; Moles and Drake
1999). Where the seed bank is dominated by non-
native species, native succession after invasive control
is unlikely, and further restoration efforts, such as
enrichment or stimulation of the native seed bank, may
be necessary (McAlpine et al. 2016). The remnants of
native vegetation can act as sources of seed rain, and
thus the relative position of the invaded area in the
landscape is a key factor determining restoration
success (Holmes and Richardson 1999; Cuevas and
Zalba 2010; Yamagawa et al. 2010). Therefore, seed
sowing may be also necessary where landscapes are
highly fragmented and options for seed transport
between fragments are limited (Buckley et al. 2005).
Ecology and management of invasive Pinaceae 3113
123
The timing of management intervention also mat-
ters. With the development of dense and large
invasions we can expect a negative correlation with
the availability of native propagules due to the
increasing exclusion of native species in an invaded
area. For example, Cuevas and Zalba (2010) showed
that longer invasion times lead to less successful
restoration due to the eroded seed bank of native
species on such sites. If native succession is based on
improving understory vegetation, it may also depend
on stand age because non-native species become less
frequent as the canopy closes and available light
decreases (Brockerhoff et al. 2003). Furthermore, the
time of the year when the control is carried out can
determine the availability of native propagules in
terms of flowering time of native species (Cuevas and
Zalba 2010). On the other hand, legacy effects that
hinder native regeneration appear to be more common
in mature stands (i.e. long time elapsed since inva-
sion). The longer the duration of invasion, the greater
the probability of occurrence of a novel stable state
and the need for substantially greater inputs for
restoration (Gaertner et al. 2012; Dickie et al. 2014b).
Another common challenge for restoration is the
ongoing seed pressure from the initial source of
invasion, remnant uncontrolled Pinaceae trees, or
recruitment from the seed bank (e.g. viable seeds in
cones on dead trees). The result can be a complicated
scenario where controlled areas can be reinvaded at
higher densities than the initial invasion. In this
context, one way to maximize restoration efforts is to
prioritize management in invaded areas with higher
spread risk (Buckley et al. 2005; Mason et al. 2017).
Seed-producing pines upwind of vulnerable habitat
(i.e. more exposed to dispersion by wind) and pines
with a high volume of dispersible propagules (i.e.
mature stands) should be prioritized for control
(Buckley et al. 2005). Frequent monitoring of a site
under restoration can help to identify problematic
situations quickly by, for example, helping to identify
seed sources that need to be controlled to avoid the re-
invasion of a site.
The way forward
The experience with Pinaceae introduction, natural-
ization and invasion around the world has created a
valuable natural experiment that helps to understand
the roles of different biotic and abiotic factors that
determine which species become invasive and how
invasions proceed. Similarly, experiences from around
the world on ways of managing invasive Pinaceae are
useful for generating knowledge on which we can
build more successful strategies.
Every situation or invasion scenario is unique
(including different species, histories of planting,
residence time, socio-political situations, availability
of resources for management, and legislation), but
some general principles are emerging. Early detection
and rapid response, as with many other invasive
species, is key, since well established (i.e. widespread
and dense) invasions are harder to control. Early
detection through well designed surveillance is espe-
cially useful for Pinaceae, as it can allow an effective
response due to the relative slow invasion rates of
these trees (e.g. several years to reach maturity)
compared to other invasive species where extremely
fast response is critical (Hulme 2006). This is espe-
cially crucial in areas where plantations or source
populations of invasive Pinaceae are found. Large-
scale eradication is not a viable option for most
invasive Pinaceae, since the source of propagules may
need to persist for economic reasons, as in the case of
invasions that originate from plantations. Even if
seeding cannot be eradicated, an acceptable level of
control of the resulting invasions can be achieved
through diligence and ongoing management efforts
which add a cost over the life of the plantation.
A range of techniques hold promise for controlling
Pinaceae invasions. Mechanical and methods and the
use of fire are most commonly applied globally.
Biological control might also be effective in some
areas but has yet to be applied. The ideal technique for
a given situation will depend on the cost and
availability of labor and other resources, the stage of
the invasion, and the acceptance of the use of a
particular method in a given region (e.g. herbicides or
biological control). As with all invasions, there is a
need for a suite of measures to address different issues
along the introduction-naturalization-invasion contin-
uum. There is currently much interest in applying
genetic techniques in invasive species management
(Ricciardi et al. 2017). Genetic engineering to achieve
reproductive sterility could potentially reduce inva-
siveness in many tree taxa, including Pinaceae.
However, such solutions pose many challenges. For
example, criteria for forest certification current
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123
prohibit the use of any genetically-modified planting,
thus blocking a potentially useful avenue of interven-
tion (Richardson and Petit 2005). This is clearly an
issue that requires further deliberation.
Although currently Pinaceae invasions are creating
large ecological and economic problems, with mil-
lions of hectares invaded and invasions increasing
rapidly in many countries, many different tools are
available to control them. Mason et al. (2017) propose
a way of prioritizing control efforts by minimizing
negative impacts and maximizing positive impacts on
multiple ecosystems. They propose using spatial
models to map the negative impacts of invasive
conifers on biodiversity, perceived landscape quality,
and water yield and their positive impacts on erosion
protection and carbon storage across a major catch-
ment in the South Island of New Zealand. This
approach could help to reduce costs and minimize
social conflicts, thereby guiding efforts to concentrate
funding for more effective control.
Despite the technical possibilities of controlling
Pinaceae invasions, there are many challenges regard-
ing their control. Different areas face different diffi-
culties but some of the most important challenges are
the large spatial scale of the problem, the lack of
political determination, the limited economical
resources, and the lack of proper environmental
awareness and regulations. Solving these problems is
a fundamental step that will be key to achieve the goal
of controlling Pinaceae invasions.
Forestry operations have been and remain the
principal driver of current Pinaceae invasions glob-
ally, and enhanced cooperation with forestry compa-
nies is fundamental for achieving more effective
strategies to reduce problems with these invasions.
Engagement with forestry companies and other stake-
holders is crucial for ensuring appropriate framing the
dimensions of the invasions within local, regional,
national, and international contexts (Woodford et al.
2016). To this end, the Bern Convention (Convention
on the Conservation of European Wildlife and Natural
Habitats) commissioned a Code of Conduct on
Planted Forest and Invasive Alien Trees to guide
sustainable forestry practices in Europe to deal with
invasive forestry trees (Brundu and Richardson 2016).
The Code is voluntary and is not intended to replace
any statutory requirements under international or
national legislation in the countries of Europe. It
comprises 14 principles that are clustered in five broad
groups: (1) awareness; (2) prevention and contain-
ment; (3) early detection and rapid response; (4)
outreach; (5) forward planning. Different mixtures of
interventions are likely to be most appropriate in
different regions, given particular national, socio-
political, legislative, and other contexts. This Code
could serve as the foundation for a global strategy for
planted forests to mitigate the risks related to the use of
invasive non-native trees in forestry.
Stakeholders must work together to seek the best
options for reducing Pinaceae invasions and mitigat-
ing their impacts. This paper has reviewed advances
on several fronts in different parts of the world,
including using technological and legislative innova-
tions, to alleviate certain problems associated with
Pinaceae invasions. This is an excellent example
where a ‘‘global network for invasion science’’
(Packer et al. 2017) is needed to forge local solutions
that draw on outcomes of successes and failures
around the world in dealing with Pinaceae invasions
(see Wilson et al. 2011 for a similar approach for
Australian Acacia species).
Conclusions
Eliminating individual Pinaceae trees from a site is
relatively straightforward, but the huge spatial scale of
the problem means that dealing with these invasions is
a daunting challenge. Millions of hectares are cur-
rently invaded and fast responses are needed.
Although there are ways to control invasions, the lack
of political determination, limited resources and/or
proper environmental awareness and regulations have
created a rapidly growing problem, as with many other
invasive species. Prevention is a critical intervention
to avoid future potential impacts of Pinaceae inva-
sions, and research is underway to help minimize the
risks of invasion. Reducing the use of highly invasive
Pinaceae species in plantings and forestry and using a
landscape-wide planning approach are central to
diminishing current and future invasions. In the case
of existing invasions, mechanical and chemical con-
trol have proved very efficient, but their costs can be
problematic in large areas. A future challenge is to
restore areas invaded by Pinaceae species to preferred
and possibly more resilient ecosystems (e.g. native
forests and shrublands). Restoration of previously
invaded sites is achievable in some cases, but in many
Ecology and management of invasive Pinaceae 3115
123
cleared sites restoration is difficult. Once invasions
have reached very high density and biomass, the
chances of restoring systems to previous conditions
are greatly reduced. This review of the current
understanding of Pinaceae invasions highlights the
need for more attention on preventing further inva-
sions and initiating control at the earliest stages of
invasions.
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Kueffer C, Pyšek P, Richardson DM (2013) Integrative invasion
science: model systems, multi-site studies, focused meta-
analysis and invasion syndromes. New Phytol 200:
615–633
Langdon B, Pauchard A, Aguayo M (2010) Pinus contorta
invasion in the Chilean Patagonia: local patterns in a global
context. Biol Invasions 12:3961–3971
Le Maitre DC, van Wilgen BW, Gelderblom CM, Bailey C,
Chapman RA, Nel JA (2002) Invasive alien trees and water
resources in South Africa: case studies of the costs and
benefits of management. For Ecol Manag 160:143–159
Ledgard NJ (2001) The spread of lodgepole pine (Pinus con-
torta, Dougl.) in New Zealand. For Ecol Manag 141:43–57
Ledgard NJ (2002) The spread of Douglas-fir into native forests.
N Z J For 47:36–38
Ledgard NJ (2004) Wilding conifers-New Zealand history and
research background. In: Managing wilding conifers in
New Zealand-present and future. Proceedings of a work-
shop held in conjunction with the annual general meeting
of the NZ Plant Protection Society, Christchurch, pp 1–25
Ledgard NJ (2009a) Wilding control. Guidelines for the control
of wilding conifers. Scion, Rotorua. ISBN 0-478-11028-6
Ledgard NJ (2009b) Wilding control guidelines for farmers and
land managers. N Z Plant Prot 62:380–386
Ledgard NJ (2011) What is wrong with wildings? N Z Tree
Grow 32:13–15
Ledgard NJ, Langer L (1999) Wilding prevention. Guidelines
for minimizing the risk of unwanted wilding spread from
new plantings of introduced conifers. New Zealand Forest
Research Institute Limited, Rotorua
Lennox CL, Hoffmann JH, Coutinho T, Roques A (2009) A
threat of exacerbating the spread of pitch canker precludes
further consideration of a cone weevil, Pissodes validir-
ostris, for biological control of invasive pines in South
Africa. Biol Control 50:179–184
Lotan JE, Perry DA (1983) Ecology and regeneration of
lodgepole pine. Handbook no. 606. United States Depart-
ment of Agriculture, Forest Service, Washington, p 51
Lovett GM, Weiss M et al (2016) Nonnative forest insects and
pathogens in the United States: impacts and policy options.
Ecol Appl 26:1437–1455
Mason NWH, Palmer DJ, Vetrova V, Brabyn L, Paul T, Will-
emse P, Peltzer DA (2017) Accentuating the positive while
eliminating the negative of alien tree invasions: a multiple
ecosystem services approach to prioritising control efforts.
Biol Invasions 19:1181–1195. doi:10.1007/s10530-016-
1307-y
Maxwell BD, Lehnhoff E, Rew LJ (2009) The rationale for
monitoring invasive plant populations as a crucial step for
management. Invasive Plant Sci Manag 2:1–9
McAlpine KG, Howell CJ, Wotton DM (2016) Effects of tree
control method, seed addition, and introduced mammal
exclusion on seedling establishment in an invasive Pinus
contorta forest. N Z J Ecol 40:302–309
McConnachie MM, van Wilgen BW, Richardson DM et al
(2015) Estimating the effect of plantations on pine inva-
sions in protected areas: a case study from South Africa.
J Appl Ecol 52:110–118
McConnachie MM, van Wilgen BW, Ferraro PJ et al (2016)
Using counterfactuals to evaluate the cost-effectiveness of
controlling biological invasions. Ecol Appl 26:475–483
McGregor KF, Watt MS, Hulme PE, Duncan RP (2012) What
determines pine naturalization: species traits, climate
suitability or forestry use? Divers Distrib 18:1013–1023
Menzel A, Hempel S, Klotz S, Moora M, Pyšek P, Rillig
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protegidas: un riesgo para la biodiversidad. Bosque Nativo
30:3–7
Peña E, Langdon B, Pauchard A (2007) Árboles exóticos nat-
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Rejmánek M, Richardson DM (2013) Trees and shrubs as
invasive alien species—2013 update of the global database.
Divers Distrib 19:1093–1094
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